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Abstract
Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) small subunit (RBCS) is encoded by a nuclear RBCS
multigene family in many plant species. The contribution of the RBCS multigenes to accumulation of Rubisco
holoenzyme and photosynthetic characteristics remains unclear. T-DNA insertion mutants of RBCS1A (rbcs1a-1) and
RBCS3B (rbcs3b-1) were isolated among the four Arabidopsis RBCS genes, and a double mutant (rbcs1a3b-1) was
generated. RBCS1A mRNA was not detected in rbcs1a-1 and rbcs1a3b-1, while the RBCS3B mRNA level was
suppressed to ;20% of the wild-type level in rbcs3b-1 and rbcs1a3b-1 leaves. As a result, total RBCS mRNA levels
declined to 52, 79, and 23% of the wild-type level in rbcs1a-1, rbcs3b-1, and rbcs1a3b-1, respectively. Rubisco
contents showed declines similar to total RBCS mRNA levels, and the ratio of Rubisco-nitrogen to total nitrogen was
62, 78, and 40% of the wild-type level in rbcs1a-1, rbcs3b-1, and rbcs1a3b-1, respectively. The effects of RBCS1A
and RBCS3B mutations in rbcs1a3b-1 were clearly additive. The rates of CO2 assimilation at ambient CO2 of 40 Pa
were reduced with decreased Rubisco contents in the respective mutant leaves. Although the RBCS composition in
the Rubisco holoenzyme changed, the CO2 assimilation rates per unit of Rubisco content were the same irrespective
of the genotype. These results clearly indicate that RBCS1A and RBCS3B contribute to accumulation of Rubisco in
Arabidopsis leaves and that these genes work additively to yield sufﬁcient Rubisco for photosynthetic capacity. It is
also suggested that the RBCS composition in the Rubisco holoenzyme does not affect photosynthesis under the
present ambient [CO2] conditions.
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Introduction
Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco;
EC 4.1.1.39) is a stromal protein which catalyses two
competing reactions of photosynthetic CO2 ﬁxation and
photorespiratory carbon oxidation. The capacity of
Rubisco is a rate-limiting factor for both reactions under
conditions of saturating light at present atmospheric CO2
and O2 levels (Evans, 1986; Makino et al., 1988). Rubisco is
the most abundant plant protein, accounting for 12–30% of
total leaf nitrogen in C3 plants (Evans, 1989; Makino and
Osmond, 1991; Makino et al., 2003). Stromal proteins are
degraded during leaf senescence, and the resultant nitrogen
is remobilized to growing organs and ﬁnally stored in seeds
(Friedrich and Huffaker, 1980; Mae et al., 1983). Rubisco is
a major source for recycling of nitrogen. Therefore, the
amount of Rubisco in leaves is important for plant growth
via both photosynthesis and nitrogen utilization.
In higher plants and green algae, Rubisco is composed of
eight small subunits (RBCS) coded for by an RBCS
multigene family in the nuclear genome, and eight large
subunits (RbcL) coded for by a single RbcL gene in the
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consists of 2–22 members, depending on the species
(Sasanuma, 2001; Spreitzer, 2003). The number of express-
ing members and transcript abundance within the RBCS
multigene family have been investigated in different tissues,
under different environments, and/or during tissue develop-
ment in some plant species including tomato (Wanner
and Gruissem, 1991; Meier et al., 1995), Lemna gibba
(Silverthorne and Tobin, 1990; Silverthorne et al., 1990),
Arabidopsis (Dedonder et al., 1993; Cheng et al., 1998;
Yoon et al., 2001), French bean (Knight and Jenkins, 1992;
Sawbridge et al., 1996), maize (Ewing et al., 1998; Hahnen
et al., 2003), wheat (Galili et al., 1998), rice (Suzuki et al.,
2009b), and Eucalyptus (Suzuki et al., 2010). In rice, it has
been demonstrated that four out of the ﬁve RBCS genes are
highly expressed in leaf blades and that the total RBCS
mRNA level is highly correlated with Rubisco content at
their maxima irrespective of tissues and growth stages
(Suzuki et al., 2009a, b). This suggests the possibility that
the transcript level of total RBCS primarily determines the
Rubisco content. In addition, a recent study has reported
that individual suppression of the four major RBCS genes
by RNA interference (RNAi) led to a decline in Rubisco
content irrespective of growth stages, indicating that these
four RBCS genes all contribute to accumulation of the
Rubisco holoenzyme in leaf blades of rice (Ogawa et al.,
2011). However, there has not been a clear correlation
between total RBCS mRNA level and Rubisco content in
RNAi-individual suppression lines of rice RBCS members
(Ogawa et al., 2011).
To understand further the role of the RBCS multigene
family in Rubisco synthesis, the relationship between total
RBCS mRNA level and Rubisco content in Arabidopsis
mutants of the RBCS multigene family was analysed. In
Arabidopsis, four RBCS members, RBCS1A (At1g67090),
RBCS1B (At5g38430), RBCS2B (At5g38420), and RBCS3B
(At5g38410), have been identiﬁed (Krebbers et al., 1988). A
screen was carried out for T-DNA insertion mutants of
these RBCS genes, and mutant lines of RBCS1A and
RBCS3B were isolated. The double mutant of these
genes was generated. In these three mutants, the effects of
RBCS mutations on the accumulation of mRNAs and
protein of Rubisco, CO2 assimilation, and plant growth
were examined.
Materials and methods
Plant materials and growth conditions
The Columbia ecotype of Arabidopsis was used in all experiments.
The T-DNA insertion lines GABI_608_F01 (rbcs1a-1) and
SALK_117835 (rbcs3b-1) were obtained from the Nottingham
Arabidopsis Stock Centre and the Arabidopsis Biological Re-
source Center. The double mutants of RBCS1A and RBCS3B
(rbcs1a3b-1) were generated by sexual crosses. The homozygosities
for the respective T-DNA insertions were conﬁrmed by using PCR
with gene-speciﬁc primers. Plants were grown hydroponically on
horticultural rockwool as previously described (Wada et al., 2009)
with slight modiﬁcation. The photoperiod was 14 h light/10 h dark
with ﬂuorescent lamps (100 lmol quanta m
 2 s
 1) and the
temperature was 23  C day/18  C night. The hydroponic solution
contained 3 mM KNO3, 2.5 mM K-phosphate buffer (pH 5.5), 2.0
mM Ca(NO3)2, 2.0 mM MgSO4,5 0lM Fe-EDTA, 0.7 mM
H3BO4, 170 lM MnCl2, 2.0 lMN a 2MoO4, 100 lM NaCl, 5.0 lM
CuSO4,1 0lM ZnSO4, and 0.1 lM CoCl2. The total volume of the
supplied solution was 0.14 l per plant. Plants were ﬁrstly grown
with a solution at a quarter concentration for healthy early
growth. A quarter of the total volume was added to rockwool 1
week after sowing, and half of the total volume was added 2 weeks
after sowing. The rosette leaves were numbered from the ﬁrst
emergent leaf except the cotyledon after germination. When the
plants started bolting, rosette leaves were divided every two leaves
from the ﬁrst leaf, and leaves of the maximum leaf area were
harvested, namely the ﬁfth and sixth leaves in the wild type,
rbcs1a-1, and rbcs3b-1, or the ninth and 10th leaves in rbcs1a3b-1,
and used for RNA analysis and biochemical assays. The leaves
were immediately frozen in liquid N2 and stored at –80  C until
analysis.
RNA analysis
Total RNA was isolated from leaves using the RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA). Isolated RNA was treated with
DNase (DNA-free; Ambion, Austin, TX, USA) prior to reverse
transcription with random hexamer primers (PrimeScript RT
reagent kit; Takara, Ohtsu, Japan). In the reverse transcription-
PCR (RT-PCR) analysis, an aliquot of the synthesized ﬁrst-strand
cDNA derived from 6.6 ng of total RNA was used for PCR
ampliﬁcation (total volume of 6 ll) with Taq polymerase
(PrimeSTAR; Takara). The number of ampliﬁcation cycles was 18
cycles for RBCS1A, 24 cycles for RBCS3B, and 17 cycles for 18S
rRNA. The gene-speciﬁc primers for RT-PCR analysis were
produced for amplifying the region including the open reading
frame in each gene. PCR products were separated by electropho-
resis, stained with SYBR Green I (Takara), and detected using
a ﬂuorescence image analyzer (LAS-4000 mini; Fujiﬁlm, Tokyo,
Japan). 18S rRNA (QuantumRNA 18S internal standard;
Ambion) was used as an internal standard. In quantitative real-
time RT-PCR analysis, an aliquot of the synthesized ﬁrst-strand
cDNA derived from 4.4 ng of total RNA was used for real-time
PCR ampliﬁcation (total volume of 20 ll) with StepOne and Fast
SYBR Green Master Mix (Applied Biosystems, Foster City, CA,
USA). Calibration curves were made with standard plasmids for
quantiﬁcations of the respective RBCS mRNA levels. Gene-
speciﬁc primers for determination of RBCS mRNA levels were
produced on the 3’-untranslated region (UTR) for the individual
quantiﬁcation of each gene. Sequences of primers used in both
analyses are shown in Supplementary Fig. S1 available at JXB
online.
Biochemical assays
Quantiﬁcations of chlorophyll, nitrogen, soluble protein, and
Rubisco protein were performed as described previously (Izumi
et al., 2010). Frozen rosette leaves were homogenized with an ice-
chilled mortar and pestle in 50 mM Na-phosphate buffer (pH 7.5)
containing 2 mM iodoacetic acid, 0.8% (v/v) 2-mercaptoethanol,
and 5% (v/v) glycerol. Chlorophyll was determined by the method
of Arnon (1949). Soluble protein content was measured in the
supernatant of part of the homogenate using a Bio-Rad protein
assay (Bio-Rad, Philadelphia, PA, USA) with bovine serum
albumin (BSA) as the standard. Total leaf nitrogen was de-
termined from part of the homogenate with Nessler’s reagent after
Kjeldahl digestion. Triton X-100 (0.1%, ﬁnal concentration) was
added to the remaining homogenate. After centrifugation, the
supernatant was mixed with an equal volume of SDS sample
buffer containing 200 mM TRIS-HCl (pH 8.5), 2% (w/v) SDS, 0.7
M 2-mercaptoethanol, and 20% (v/v) glycerol, boiled for 3 min,
and then subjected to SDS–PAGE. The Rubisco content was
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Coomassie Brilliant Blue R-250-stained bands corresponding to
RBCS and RbcL of Rubisco separated by SDS–PAGE. Calibra-
tion curves were made with BSA (Thermo Fisher Scientiﬁc,
Waltham, MA, USA).
Soluble protein extracts were separated by SDS–PAGE, and
immunoblotting was performed as described previously (Ishida
et al., 2008), with anti-RBCS antibody (1:1000; Ishida et al., 1997).
Signals were developed with horseradish peroxidase-conjugated
secondary antibody (Promega, Madison, WI, USA) and chemilu-
minescent reagent (Thermo Fisher Scientiﬁc) and detected by LAS-
4000 mini (Fujiﬁlm). N-terminal amino acid sequencing was
performed using a protein sequencer (Applied Biosystems). Soluble
protein extracts were separated by SDS–PAGE and electroblotted
onto a polyvinylidene diﬂuoride membrane. Coomassie Brilliant
Blue R-250-stained bands corresponding to RBCS proteins were
applied to a protein sequencer.
Chlorophyll ﬂuorescence measurement
The maximum quantum yield of photosystem II (PSII; Fv/Fm) was
measured with a pulse-modulated ﬂuorometer (Mini-PAM 101;
Walz, Effeltrich, Germany). After 30 min dark incubation of each
plant at room temperature (23–25  C), F0 and subsequently Fm
were measured with a measuring beam and a saturating pulse.
Gas-exchange measurement
The gas-exchange rate was measured on the eighth to 11th mature
leaves at 5 d after bolting, the leaf area being sufﬁcient for gas-
exchange measurements, using the LI-6400 system (Li-Cor,
Lincoln, NE, USA) in accordance with a previous report
measuring photosynthesis in Arabidopsis leaves (Kebeish et al.,
2007). Measurements were performed at a leaf temperature of
26  C and a photon ﬂux intensity of 800 lmol quanta m
 2 s
 1.
The measurement was initiated at an ambient CO2 partial pressure
(pCa) of 40 Pa to obtain the steady state of the gas-exchange rate,
and the A versus intracellular CO2 partial pressure (pCi) was
measured at pCa¼10, 13, 16, 20, 40, 60, 100, 120, and 150 Pa.
After measurements, fresh weight and leaf area were measured
and the leaves were immediately frozen in liquid N2 and stored at
–80  C until the quantiﬁcation of Rubisco content.
Statistical analysis
Tukey’s test was performed with JMP (SAS Institute, Cary, NC,
USA).
Results
Isolation of Arabidopsis T-DNA insertion mutants of
RBCS genes
According to Krebbers et al. (1988) and The Arabidopsis
Information Resource (TAIR) database (http://www.arabi-
dopsis.org/), RBCS1A is located on chromosome 1, the other
members being located in tandem on an 8 kb stretch of
chromosome 5. The homology of the deduced amino acid
sequences of the mature RBCS form is extremely high
among the four RBCS genes (Krebbers et al.,1 9 8 8 ;s e e
Supplementary Fig. S1 at JXB online). The sequences of
RBCS2B and RBCS3B are identical. The difference between
RBCS1B, RBCS2B, and RBCS3B is only two residues. The
difference between RBCS1A and the other RBCS proteins is
7–8 residues. T-DNA-inserted lines on the four RBCS
members available at this time were obtained. The homozy-
gous mutant lines of RBCS1A and RBCS3B were isolated by
genomic PCR and they were designated as rbcs1a-1 and
rbcs3b-1, respectively. The double mutant of both genes was
generated by sexual crossing and designated as rbcs1a3b-1.
The respective sites of the T-DNA insertions were conﬁrmed
by sequencing of genomic PCR products (Fig. 1A). The T-
DNA insertion site in rbcs1a-1 was the coding region of the
ﬁrst exon, while the site in rbcs3b-1 was the promoter region
before the 5#-UTR. To investigate the presence of RBCS1A
and RBCS3B mRNAs in each mutant line, RT-PCR analysis
was performed using gene-speciﬁc primers, which amplify
regions including the open reading frame (Fig. 1B). RBCS1A
mRNA was not detected in rbcs1a-1 and rbcs1a3b-1 plants.
Although RBCS3B mRNA was detected in rbcs3b-1 and
rbcs1a3b-1 plants, the levels were much lower than in wild-
type plants. These results indicate that an RBCS1A knockout
line and an RBCS3B knockdown line were isolated by
screening from resource lines of Arabidopsis T-DNA in-
sertion mutants and that a double mutant line of both genes
was successfully generated.
Phenotypes of isolated rbcs mutants
Wild-type and rbcs mutant plants were hydroponically
grown on horticultural rockwool under long-day conditions.
Fig. 1. Identiﬁcation of rbcs1a-1, rbcs3b-1, and rbcs1a3b-1 mutants. (A) Genomic structures of RBCS1A and RBCS3B loci and T-DNA
insertion sites. White and black boxes represent exons. The white boxes represent the untranslated regions and the black boxes
represent the coding regions in exons. Grey boxes represent T-DNA. Arrows represent the positions of primer pairs used for RT-PCR
analysis. (B) RT-PCR analysis for investigating RBCS1A and RBCS3B mRNA accumulation in leaves of rbcs mutants. Total RNA was
isolated from leaves of wild-type, rbcs1a-1, rbcs3b-1, and rbcs1a3b-1 plants and subjected to RT-PCR analysis using gene-speciﬁc
primers. PCR products were separated by electrophoresis, stained with SYBR Green I, and detected by a ﬂuorescence image analyser.
18S rRNA was used as an internal control.
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same as that of wild-type plants, while the growth of the
rbcs1a3b-1 mutant was signiﬁcantly delayed (Fig. 2A, B).
Wild-type plants and the respective single rbcs mutants
initiated bolting ;23 d after sowing, whereas bolting was
delayed to 33 d after sowing in rbcs1a3b-1 mutants. Despite
the delay in the plant growth stage, the shoot fresh weight of
rbcs1a3b-1 mutants became similar to those of wild-type
plants and the other rbcs mutants at the initiation of bolting
(Fig. 2B). The shoot of the rbcs1a3b-1 plant exhibited a pale
green colour (Fig. 2A). The maximum quantum yield of PSII
(Fv/Fm)i nrbcs1a3b-1 leaves was found to be slightly lower
than those in other genotypes, indicating slight damage to
PSII function by photoinhibition (Fig. 2C).
Effects of RBCS mutations on the transcript levels of
the RBCS multigene family and RbcL
The transcript levels of individual RBCS g e n e sw e r ed e -
termined in leaves of wild-type and rbcs mutants at initiation
of bolting (Figs 3, 4A). In wild-type plants, RBCS1A mRNA
was the most abundant, and RBCS3B was the second. These
two genes accounted for ;80% of the total RBCS mRNA
(Fig.4A). RBCS1A mRNA was not detected in the mutants
with the T-DNA insertion in RBCS1A as found in the semi-
quantitative RT-PCR analysis (Fig. 3, see also Fig. 1B). In
rbcs3b-1 and rbcs1a3b-1 mutants, the RBCS3B mRNA levels
were suppressed to ;20% of the wild-type level (Fig. 3).
There were no signiﬁcant differences in the mRNA accumu-
lation of RBCS genes without the T-DNA insertion irre-
spective of genotype (Fig. 3). As a result, total RBCS mRNA
levels signiﬁcantly decreased to 52% of the wild-type level in
rbcs1a-1 leaves, 79% in rbcs3b-1,a n d2 3 %i nrbcs1a3b-1
(Fig. 4A). Although the mRNA levels of RbcL also de-
creased in the respective rbcs mutants in a manner similar to
total RBCS mRNA, the extent was obviously lower: 86% of
the wild-type level in rbcs1a-1 leaves, 94% in rbcs3b-1,a n d
70% in rbcs1a3b-1 (Fig. 4B). The level of DNA fragments
derived from 18S rRNA was measured as an internal
standard for mRNA analysis (Fig. 4C). This rRNA level
did not differ among wild-type and rbcs mutant plants,
indicating the validity of the method employed.
Effects of RBCS mutations on leaf Rubisco content
To investigate the effects of RBCS mutations on Rubisco
content and nitrogen utilization in leaves, chlorophyll,
nitrogen, soluble protein, and Rubisco protein were de-
termined in mature leaves at initiation of bolting (Fig. 5).
Chlorophyll and soluble protein contents per unit leaf area
signiﬁcantly decreased only in rbcs1a3b-1 plants. Leaf
nitrogen content slightly decreased in rbcs1a3b-1 plants, the
Fig. 2. Phenotypes of rbcs mutant plants under long-day growth conditions. (A) Photograph of wild-type, rbcs1a-1, rbcs3b-1, and
rbcs1a3b-1 plants at 23 d after sowing. (B, C) Shoot fresh weight (B) and the maximum efﬁciency of PSII (Fv/Fm) (C) of wild-type and
each rbcs mutant when wild-type, rbcs1a-1, and rbcs3b-1 plants initiated bolting (23 d after sowing) or rbcs1a3b-1 plants initiated
bolting (33 d after sowing). Data represent the means 6SE (n¼4). Statistical analysis was performed by Tukey’s test; columns with the
same letter were not signiﬁcantly different (P < 0.05).
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the Rubisco content signiﬁcantly declined in all rbcs
mutants. The amount was ;62% of the wild-type level in
rbcs1a-1 leaves, 81% in rbcs3b-1, and 37% in rbcs1a3b-1.
Therefore, the ratio of Rubisco-nitrogen (Rubisco-N) to
total nitrogen also decreased to 62% of the wild-type level in
rbcs1a-1, 78% in rbcs3b-1, and 40% in rbcs1a3b-1. The
decreased amount of Rubisco-N in rbcs1a3b-1 was
Fig. 3. Transcript abundances of each member within the RBCS multigene family in leaves of rbcs mutants. Total RNA was isolated
from leaves of wild-type, rbcs1a-1, rbcs3b-1, and rbcs1a3b-1 plants when each plant initiated bolting, and subjected to quantitative
real-time RT-PCR analysis using gene-speciﬁc primers for determination of transcript abundances of RBCS1A, RBCS1B, RBCS2B, and
RBCS3B. Data represent the means 6SE (n¼4). Statistical analysis was performed by Tukey’s test; columns with the same letter were
not signiﬁcantly different (P < 0.05).
Fig. 4. Effects of RBCS mutations on the transcript abundances of total RBCS and RbcL. Total RNA was isolated from leaves of wild-
type, rbcs1a-1, rbcs3b-1, and rbcs1a3b-1 plants when each plant initiated bolting, and subjected to quantitative real-time RT-PCR
analysis using gene-speciﬁc primers for determination of transcript abundances of RBCS (A) and RbcL (B). The amount of total RBCS
mRNA is a combination of the RBCS members shown in Fig. 3. All mRNA levels are shown as relative levels of the wild-type level. 18S
rRNA was used as an internal control (C). Data represent the means 6SE (n¼4). Statistical analysis was performed by Tukey’s test;
columns with the same letter were not signiﬁcantly different (P < 0.05).
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rbcs3b-1. Nitrogen partitioning to chlorophyll (Chl-N) was
slightly increased only in rbcs1a-1 leaves; however, the in-
creased amount was relatively small in relation to total leaf
nitrogen. In spite of signiﬁcant decreases of Rubisco-N, which
accounted for 50% of the total soluble protein in wild-type
leaves, the ratio of soluble protein-nitrogen (soluble protein-N)
to total nitrogen did not change in rbcs1a-1 and rbcs3b-1
leaves. The soluble protein-N in rbcs1a3b-1 leaves decreased to
86% of the wild-type level; however, the extent was lower in
comparison with the decline of Rubisco-N (i.e. 40% of the
wild-type level). These ﬁndings indicate that nitrogen for
decreased Rubisco was predominantly partitioned to other
soluble proteins in the respective rbcs mutants.
Changes of the RBCS compositions in Rubisco
holoenzyme
Two RBCS proteins with different molecular weights (14.7
kDa and 14.8 kDa expected values, respectively) were
Fig. 5. Effects of RBCS mutations on leaf Rubisco content. The amounts of chlorophyll, soluble protein, nitrogen, and Rubisco were
determined in leaves of wild-type, rbcs1a-1, rbcs3b-1, and rbcs1a3b-1 plants when each plant initiated bolting. The ratios of chlorophyll-
nitrogen (Chl-N/total N), soluble protein-nitrogen (Soluble protein-N/total N), and Rubisco-nitrogen (Rubisco-N/total N) to total nitrogen
were calculated. Data represent the means 6SE (n¼4). Statistical analysis was performed by Tukey’s test; columns with the same letter
were not signiﬁcantly different (P < 0.05).
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their N-terminal amino acid sequences were analysed. The
N-terminal residue could not be identiﬁed (represented
as X), as the methionine residue is post-translationally
modiﬁed to N-methyl-methionine in some monocot and
dicot plant species (Grimm et al., 1997). The N-terminal
sequence of the larger RBCS was XKVWPP, identical to
the sequence of RBCS1B, RBCS2B, and RBCS3B (see
Supplementary Fig. S2 at JXB online). On the other
hand, the N-terminal sequence of the smaller RBCS was
XQVWPP, identical to that of RBCS1A (see Supplemen-
tary Fig. S2 at JXB online). These results indicate that the
larger RBCS was derived from RBCS1B, RBCS2B,a n d
RBCS3B genes, whereas the lower molecular weight
RBCS was derived from RBCS1A. These proteins were
designated as RBCSB and RBCSA proteins, respectively
(white and black arrowheads in Fig. 6). In fact, RBCSA
was not detected in leaves of rbcs1a-1 and rbcs1a3b-1 by
Coomassie Brilliant Blue staining and immunoblotting
(Fig. 6). The ratio of RBCSB to RBCSA was decreased in
rbcs3b-1 leaves (Fig. 6). These results indicate that the
composition of RBCS in the Rubisco holoenzyme was
altered in the respective rbcs mutants in comparison with
that in wild-type plants.
Effects of RBCS mutations on photosynthesis
To examine the effects of RBCS mutations on photosyn-
thetic capacity, the CO2 assimilation rate (A) was measured
under light-saturated conditions in wild-type and rbcs
mutants (Table 1). According to the C3 photosynthetic
model of von Caemmerer and Farquhar (1981) and Sharkey
(1985), A at low [CO2] is limited by Rubisco capacity,
whereas A under high [CO2] conditions is limited by
electron transport capacity or by the capacity of starch and
sucrose synthesis to regenerate Pi for photophosphoryla-
tion. A at a pCa of 40 Pa was measured ﬁrst (Table 1). A at
a pCa of 40 Pa was reduced to 75% of the wild-type level in
rbcs1a-1 leaves, 87% in rbcs3b-1, and 35% in rbcs1a3b-1,
similar to the pattern of decreases of Rubisco content.
There were no statistical differences in A per unit of
Rubisco content. A similar trend was observed in A at
a pCi of 20 Pa (Table 1). Therefore, it is indicated that
declines in A below the present ambient [CO2] levels in the
rbcs mutants are primarily accounted for by the declines in
Rubisco content. It is also indicated that the changes in the
composition of RBCS in the Rubisco holoenzyme did not
greatly affect A under these [CO2] conditions. The pCi at
a pCa of 40 Pa in the rbcs mutants tended to be slightly
higher than in wild-type plants (Table 1). Figure 7A shows
the [CO2] response of A in the respective genotypes.
A under low [CO2] conditions was lower than that in wild-
type plants in all the rbcs mutants (Fig. 7A). On the other
hand, A above a pCi of 80 Pa, where A was [CO2] saturated,
almost recovered to the wild-type level in rbcs1a-1 and
rbcs3b-1 mutant plants, and the A in rbcs3b-1 tended to be
slightly higher than that in wild-type plants (Fig. 7A). In
rbcs1a3b-1 mutants, A was lower than in wild-type plants
under all [CO2] conditions, and the [CO2] response of A was
not saturated. To remove variation in leaf Rubisco contents
from [CO2] responses of A of the respective rbcs mutants
(Hudson et al., 1992), the ratios of A to A at a pCi of 20 Pa
(A/A20) were calculated (Fig. 7B). Whereas A/A20 did not
differ irrespective of the genotype below a pCa of 40 Pa, A/
A20 under high [CO2] conditions in the rbcs mutants was
higher than in wild-type plants in the order rbcs1a3b-1,
rbcs1a-1, and rbcs3b-1. This phenomenon corresponds to
the extent of reduction in Rubisco content (Table 1),
indicating that as Rubisco contents decline with RBCS
mutations, A is saturated at higher [CO2] conditions.
Discussion
The RBCS multigene family is necessary to accumulate
abundant Rubisco protein in Arabidopsis
In the present study, it was found that T-DNA insertion
into RBCS1A and RBCS3B in Arabidopsis led to a decline
in Rubisco content. When these genes were simultaneously
suppressed by sexual crossing, the decline in Rubisco
content was similar to the sum of the contents in the
respective mutants. These results clearly indicate that
RBCS1A and RBCS3B contribute to the accumulation of
Fig. 6. SDS–PAGE analysis of Rubisco in leaves of rbcs mutants.
Total soluble protein (10 lg for gel stain, 1 lg for immunoblotting)
extracted from mature leaves of wild-type, rbcs1a-1, rbcs3b-1,
and rbcs1a3b-1 plants was separated by SDS–PAGE, and either
stained with Coomassie Brilliant Blue R-250 (gel stain) or detected
by immunoblotting with anti-RBCS antibodies (anti-RBCS). White
arrowheads indicate the RBCSB protein derived from RBCS1B,
RBCS2B, and RBCS3B genes, and black arrowheads indicate the
RBCSA protein derived from the RBCS1A gene. The sizes of
molecular mass markers (M. M.) are indicated at the left of the
stained gel.
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these genes work additively to yield Rubisco at the wild-
type level. The decline in Rubisco content was dependent on
that of the total RBCS mRNA level in the rbcs mutants
(Figs 4, 5), suggesting that in Arabidopsis, the total RBCS
mRNA level primarily determines the Rubisco content in
mature leaves and that several RBCS genes serve to
transcribe a high level of their mRNA for Rubisco
synthesis. Rubisco capacity is inefﬁcient as the CO2-ﬁxing
enzyme of photosynthesis because of its very slow catalytic
rate, the low afﬁnity for atmospheric CO2, and the use of
O2 as an alternative substrate for the competing process of
photorespiration (Farquhar et al., 1980). Therefore, while
Rubisco is the most abundant plant protein, it is a rate-
limiting factor of photosynthesis. It seems that several RBCS
genes are necessary for accumulation of a high amount of
Rubisco, as several RBCS genes are highly expressed in
leaves of many other plant species (Silverthorne et al.,1 9 9 0 ;
Wanner and Gruissem, 1991; Knight and Jenkins, 1992;
Meier et al.,1 9 9 5 ; Ewing et al.,1 9 9 8 ; Suzuki et al.,2 0 0 9 b,
2010). The present study showed experimentally that several
RBCS genes are necessary for highly abundant accumulation
of Rubisco protein.
On the other hand, the changes in content or synthesis of
the Rubisco holoenzyme do not always correspond to that
of the total RBCS mRNA level in some cases. For example,
the increase in Rubisco protein content was smaller than
that in the total RBCS mRNA level when one of the RBCS
genes was overexpressed in rice (Suzuki et al., 2007, 2009a).
Additionally, changes in the mRNA levels and the rate of
synthesis of Rubisco are not tightly correlated with each
other during leaf senescence, especially after an increase in
nitrogen supply to the plants (Imai et al., 2008). For an
understanding of the regulation mechanism of Rubisco
synthesis, it may be important to investigate the reason
why changes in Rubisco content do not reﬂect those in total
RBCS mRNA levels in certain cases.
Leaf Rubisco content is greatly changed during the leaf
life span. In rice leaf blades, Rubisco synthesis is very active
during leaf expansion and declines remarkably during
senescence, with similar changes in the RBCS and RbcL
mRNA levels, indicating that synthesized Rubisco content
Table 1. Effects of RBCS mutations on the rate of CO2 assimilation under light saturation
The rate of CO2 assimilation (A), its ratio to Rubisco (A/Rubisco), and the intercellular CO2 partial pressure (pCi) were measured at
present ambient CO2 conditions (pCa¼40 Pa) under light saturation (800 lmol quanta m
 2 s
 1) in mature leaves of wild-type, rbcs1a-1,
rbcs3b-1, and rbcs1a3b-1 plants at 5 d after bolting. A and A/Rubisco at pCi¼20 Pa are also shown.
Data represent the means 6SE (n¼6–8). Statistical analysis was performed by Tukey’s test; values with the same letter were not signiﬁcantly
different (P < 0.05).
Genotype A pCa¼40 Pa
(mmol CO2 m
 2 s
 1)
Rubisco
(g m
 2)
A pCa¼40 Pa/Rubisco
(mol mol
 1 s
 1)
pCi (Pa) A pCi¼20 Pa
(mmol CO2 m
 2 s
 1)
A pCi¼20 Pa/Rubisco
(mol mol
 1 s
 1)
Wild type 15.260.2 a 1.0560.02 a 7.9060.25 a 33.160.4 a 8.1860.15 a 4.2460.10 a
rbcs1a-1 11.560.2 c 0.7260.02 c 8.7060.26 a 34.960.3 a,b 5.2560.16 c 3.9960.19 a
rbcs3b-1 13.260.7 b 0.9660.03 b 7.6560.54 a 34.060.3 a 6.5560.34 b 3.7960.28 a
rbcs1a3b-1 5.360.3 d 0.3260.02 d 9.2560.54 a 35.660.4 b 2.4760.14 d 4.3060.32 a
Fig. 7. Effects of RBCS mutations on the rate of CO2 assimilation
versus intercellular CO2 partial pressure under light saturation. (A)
The rate of CO2 assimilation (A) and intercellular CO2 partial
pressure (pCi) were measured under light saturation (800 lmol
quanta m
 2 s
 1) in mature leaves of the wild type (circles), rbcs1a-
1 (squares), rbcs3b-1 (triangles), and rbcs1a3b-1 (rhombuses) at 5
d after bolting. The arrowhead indicates the point obtained at the
present ambient CO2 partial pressure (pCa¼40 Pa). (B) The rates
of CO2 assimilation are shown as relative levels of the rate at
pCi¼20 Pa. Data represent the means 6SE (n¼6–8).
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levels during leaf expansion, whereas the major determinant
of Rubisco content in senescent leaves is Rubisco degrada-
tion (Suzuki et al., 2001). The present preliminary analysis
showed similar declines of total RBCS mRNA levels and
Rubisco content in senescent leaves of Arabidopsis wild-type
plants, suggesting that several RBCS genes are required for
synthesis of highly abundant Rubisco during the young
stage of Arabidopsis leaves. The age-dependent change of
RBCS mRNA levels is an important aspect for the de-
termination of Rubisco content, since leaf Rubisco contents
actually depend on the balance of the synthesis and the
degradation throughout the leaf life span.
In Arabidopsis leaves, it has been reported that the ratio
of RBCS mRNA to total RBCS mRNA changed depending
on the growth temperature (Yoon et al., 2001). As the
growth temperature was raised, the RBCS1A mRNA level
increased and the RBCS3B mRNA level declined, while the
mRNA levels of RBCS1B and RBCS2B did not change
drastically. It has also been reported that the Arabidopsis
RBCS multigene family differentially responds to light
(Dedonder et al., 1993). Therefore, the levels of contribu-
tion of the respective RBCS genes may vary depending on
the growth conditions. Recently, a gene duplication event,
where RBCS1B is lost and substituted by a duplicate of
RBCS2B, has been found in eight of 100 Arabidopsis
accessions (Schwarte and Tiedemann, 2011). It is of interest
how changes in RBCS mRNA levels depending on environ-
ments or a substitution event affect the total RBCS mRNA
level and Rubisco content in Arabidopsis leaves.
The interaction between RBCS and RbcL expression
The expression of RBCS in the nucleus and RbcL in the
chloroplast must be tightly coordinated in Rubisco synthe-
sis. A previous study has indicated in rice that the total
RBCS mRNA level was highly positively correlated with
the RbcL mRNA level irrespective of tissues and growth
stages (Suzuki et al.,2 0 0 9 b). The decreased amount of
RBCS and RbcL mRNA was approximately the same in
RBCS-antisense rice or RNAi-individual suppression lines
of rice RBCS members (Suzuki et al., 2009a, b; Ogawa
et al., 2011). These results suggest that the transcription of
RBCS and RbcL was regulated in a well-coordinated
manner in rice. On the other hand, it has been demon-
strated in tobacco plants that the suppression of RBCS
mRNA causes the reduction of RbcL protein without any
change in RbcL mRNA accumulation, suggesting that the
expression of RbcL is regulated in response to that of RBCS
at the translational and/or post-translational level (Rodermel
et al.,1 9 9 6 ; Wostrikoff and Stern, 2007; Ichikawa et al.,
2008). In Arabidopsis rbcs mutants, the mRNA levels of
RbcL declined in a manner positively correlated to those of
total RBCS (Fig. 4A, B), indicating that gene expression
of RBCS and RbcL is also regulated coordinately at the
transcript level in Arabidopsis. However, the extent of the
decrease of RbcL mRNA was obviously lower than that of
total RBCS (Fig. 4A, B). Therefore, it is likely that RbcL
gene expression is also regulated at the post-transcriptional
and/or translational level in Arabidopsis.T h ed i f f e r e n c e
between Arabidopsis, tobacco, and rice will provide impor-
tant information on the regulation of RBCS and RbcL
expression. In Chlamydomonas, expression of the chloroplast
petA gene coding for cytochrome f, a major subunit of the
cytochrome b6f complex, is controlled by nucleus-encoded
factors, MCA1 and TCA1 (Loiselay et al.,2 0 0 8 ) .M C A 1i s
required for the stable accumulation and translational
enhancement of the petA mRNA, whereas MCA1 is de-
graded upon interaction with unassembled cytochrome f
(Boulouis et al.,2 0 1 1 ). This control of petA expression is
a well-studied example of the control by epistasy of synthesis
(CES), which is a negative feedback mechanism down-
regulating cytochrome f synthesis when its assembly within
the cytochrome b6f complex is compromised. Rubisco RbcL is
suggested to be a CES protein in tobacco plants (Wostrikoff
and Stern, 2007). The CES mechanism regulating accumula-
tion and translation of the RbcL mRNA via unassembled
RbcL may function in chloroplasts of Arabidopsis rbcs
mutants.
The involvement of the RBCS multigene family in the
characteristics of leaf photosynthesis
The declines of CO2 assimilation rates in the rbcs mutants
under conditions of saturating light and the present [CO2]
levels were primarily accounted for by declines in Rubisco
content (Table 1). This suggests that several Arabidopsis
RBCS genes are employed to acquire sufﬁcient photosyn-
thetic capacity via high accumulation of the Rubisco
holoenzyme. On the other hand, the changes in RBCS
composition in the Rubisco holoenzyme did not greatly
affect the photosynthetic characteristics, since A/Rubisco
did not differ among the genotypes (Table 1). The catalytic
site of Rubisco is located on RbcL, and RBCS does not
have a catalytic site (Andersson, 1996); however, some
reports have suggested that RBCS affects the catalytic
performance of Rubisco. The CO2/O2 speciﬁcity of hybrid
Rubisco holoenzymes with Chlamydomonas RbcL and plant
RBCS, derived from spinach, Arabidopsis, or sunﬂower,
was higher than that of Chlamydomonas Rubisco, but was
not equal to that of the respective plant Rubiscos (Genkov
et al., 2010). A recent study has reported that the in-
troduction of RBCS derived from sorghum C4 Rubisco,
which has a higher catalytic rate than rice Rubisco,
enhances the Rubisco catalytic rate in transgenic rice
(Ishikawa et al., 2011). There is a difference of eight amino
acid residues between mature forms of RBCSA and RBCSB
in Arabidopsis (see Supplementary Fig. S2 at JXB online). It
is controversial whether there are some functional differ-
ences among members of the RBCS multigene family
especially with respect to enzymatic properties such as the
catalytic rate, CO2/O2 speciﬁcity, and stability (Spreitzer,
2003).
The rbcs mutants showed characteristics of photosynthe-
sis and plant growth similar to those of previously reported
RBCS-antisense tobacco and rice plants, such as declines
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et al., 1992; Makino et al., 1997). When RBCS-antisense
tobacco plants were grown under low irradiance, A as well
as biomass production were not reduced until the Rubisco
content became <50% of the wild-type level (Quick et al.,
1991a, b). Slight photoinhibition was observed in the
RBCS-antisense tobacco with a severe decline in Rubisco
content (Quick et al., 1991b). These phenomena were also
observed for Arabidopsis rbcs mutants (Figs 2, 5). In RBCS-
antisense rice, nitrogen partitioning to other soluble pro-
teins increased at the expense of that to Rubisco (Suzuki
et al., 2009a). Similar results were obtained with the changes
of nitrogen partitioning in the Arabidopsis rbcs mutants
(Fig. 5). It has been reported that A is always limited by
Rubisco capacity even under high [CO2] conditions in
RBCS-antisense plants with severe reduction of Rubisco
content (Hudson et al., 1992; Makino et al., 2000) such as
rbcs1a3b-1 plants (Fig. 7). These common characteristics
indicate that an impact of RBCS mutations on photosyn-
thesis and plant growth in Arabidopsis is mainly caused by
the decline in Rubisco content, and several RBCS genes
contribute to normal plant growth via high accumulation of
Rubisco. In RBCS-antisense rice plants with 65% of wild-
type Rubisco content, photosynthetic recovery under high
[CO2] conditions has been found, and nitrogen-use efﬁ-
ciency of photosynthesis was improved under saturating
[CO2] and light conditions (Makino et al., 1997). A in the
rbcs3b-1 mutants under high [CO2] conditions tended to be
higher than in wild-type plants, although the difference was
slight (Fig. 7A). It is of interest how the rbcs3b-1 mutants
grow under high [CO2] and high light conditions.
Concluding remarks
In the present study, it is found that T-DNA mutations of
RBCS1A and RBCS3B among four members of the
Arabidopsis RBCS multigene family led to declines in the
total RBCS mRNA level, Rubisco protein content, and A at
present ambient [CO2] conditions. These ﬁndings indicate
that RBCS1A and RBCS3B contribute to accumulation of
Rubisco in Arabidopsis leaves and that these genes work
additively to yield sufﬁcient Rubisco for photosynthetic
capacity.
Supplementary data
Supplementary data are available at JXB online.
Figure S1. Sequences of primers for the RBCS multigene
family, RbcL, and 18S rRNA used in RT-PCR analysis.
Figure S2. Alignment of deduced amino acid sequences of
the Arabidopsis RBCS multigene family.
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